The effects of ibotenic acid induced lesions of the dentate gyrus on hippocampal glucose utilization and parvalbumin-positive neurons were evaluated in male Wistar rats. Ibotenic acid was injected in the right dorsal dentate gyrus. Quantification of glucose utilization was performed 3 days, 3 weeks, or 3 months after the lesion using the 14C-2-deoxyglucose method. Nissl-stained sec tions and sections stained for acetylcholinesterase were used as references for anatomical delineation of the hip pocampal cytoarchitecture. Additional sections were stained for parvalbumin. The results revealed widespread reductions of glucose utilization in all layers and sectors of the hippocampus in the ipsilateral lesioned hemisphere and also in the nonlesioned contralateral hemisphere. The reductions occurred as early as 3 days after the lesion and persisted up to 3 months. In neither hippocampal struc-
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The hippocampal circuitry has attracted major at tention in neurobiological research for its well defined intrinsic organization and because afferent and efferent fibers can be attributed to distinct lay ers and sections of this cortical structure. The prev alent hippocampal pathway is the trisynaptic path, which originates in the entorhinal cortex and enters the hippocampus as the perforant path fibers via the molecular layer of the dentate gyrus. The dentate granule cells in turn give rise to the mossy fibers that project to the hilus and CA3 pyramidal cells. The CA3 pyramidal cells project to the CAl ipsilat erally as Schaffer collaterals and contralaterally as ture did glucose utilization return to control levels. Im munohistochemical visualization of parvalbumin containing neurons revealed that these putatively inhibi tory neurons persisted in the otherwise granule-cell depleted area. The data show that interruption of the excitatory trisynaptic pathway from the entorhinal cortex to the CAl at the level of the dentate gyrus affects hip pocampal glucose utilization irreversibly and uniformly. Since some inhibitory neurons seem to survive the ibotenic acid lesion, we suggest that the reductions of hippocampal glucose utilization reflect an imbalance in favor of inhibitory neurons in the ipsilateral hippocampus after the lesion, which manifests also in the contralateral hemisphere via the commissural pathways. Key Words: Local cerebral glucose utilization-Hippocampus Ibotenic acid-Parvalbumin-Dentate gyrus-Rat. associational fibers. In addition, the hilar mossy cells send off so-called associational and commis sural fibers that terminate ipsilaterally and contra laterally in the molecular layer of the dentate gyrus and provide an integrative circuitry along the sep totemporal hippocampal axis (Amaral and Witter, 1989) . Within this system, the dentate gyrus has been ascribed a key function as a gating or control ling structure, and it may act as a filter to prevent excessive excitatory impulses originating in the en torhinal cortex from reaching hippocampal circuits further downstream (Loth man et at, 1991) .
While there is abundant electrophysiological and neuroanatomical work available on the hippocam pal fiber system, information on the functional as pect of the "wiring" of the different hippocampal subregions is scant. In particular, there is a lack of data on the functional recovery of the hippocampus after an excitotoxic lesion. One method that is well suited for localization and quantification of func-tional activity of brain regions is the 2-deoxyglucose method (Sokoloff et ai., 1977) . We have previously presented data on the time course of functional al terations in the hippocampus due to loss of CAl pyramidal cells (Beck et ai., 1990a (Beck et ai., , 1990b . More recently, our interest has focused on the question of differential vulnerability to excitotoxic lesions of cell populations in the gating structure of the trisyn aptic pathway, the dentate gyrus. Electron micros copy has provided ample evidence for a greater re sistance of presumably inhibitory interneurons in the dentate gyrus after excitotoxic lesions with ibotenic acid (Erselius and Wree, 1991; Wree and Erselius, 199 1) . Since quantitative studies on postlesion functional recovery are not available, we have continued this work by inducing unilateral ibotenic acid lesions in the dentate gyrus and map ping the time course of functional activity in ana tomically defined hippocampal regions up to 3 months postlesion. To gain further insight into the cellular correlate and the neurotransmitter involved in the functional consequences after the excitotoxic lesion, we performed immunostaining for the cal cium-binding protein parvalbumin, which is com monly held to be colocalized with the inhibitory neurotransmitter l'-aminobutyric acid (GABA) (Ko saka et ai., 1987) .
MATERIAL AND METHODS

Ibotenic acid-induced lesions
Experiments were carried out with 20 male Wistar rats (340-380 g; Winkelmann, Borchen, Germany) housed un der controlled environmental conditions (22 ± 2°c; 12-h light-dark cycle) with free access to tap water and a stan dard diet. Rats were anesthetized with an i.m. injection of a mixture of 10 mg/kg fluanison and 0.2 mg/kg fentanyl (Hypnorm, Janssen, Neul3, Germany) and mounted in a David Kopf stereotaxic apparatus in flat-skull position (Paxinos and Watson, 1982) . A 0.3-mm cannula (SN 75, Hamilton, Bonaduz, Switzerland) was inserted into the hippocampus through a burr hole in the calvaria. Ibotenic acid (Sigma, St. Louis, MO, U.S.A.), dissolved in phys iological saline (1 mg/m!) and titrated to pH 7.4 with so dium bicarbonate, was injected in a volume of 0.5 f.L1 into the right septal dentate gyrus over 10 min. The coordi nates were 5.2 mm A-P, 6.5 mm D-V, and 1.75 mm lateral from the midline; the interaural line was taken as O. After the injection, the cannula was left in place for 10 min before being removed. Nine animals that did not receive ibotenic acid injections served as controls. The injected animals survived for 3 days, 3 weeks, and 3 months; all groups underwent the 14C-2-deoxyglucose procedure.
Determination of local cerebral glucose utilization
After 3 days, 3 weeks, or 3 months of recovery, the animals were subjected to the standard procedures for measuring local cerebral glucose utilization (LCGU) as described by Sokoloff et al. (1977) . In brief, the rats were anesthetized with 1% halothane in a 70:3 0 mixture of ni trous oxide and oxygen. The femoral artery and vein were cannulated and lidocaine gel was applied to the wound before closing it. The animals were lightly restrained with plaster casts covering the hindlimbs and lower abdomen, leaving forelimbs and thorax free. They were then fixed on a preparation desk, body temperature being closely held at 37°C with a heating lamp. The rats were allowed to recover from anesthesia for 2 h. After physiological vari ables were checked, 80 f.LCi/kg 14C_kg 14C-2-deoxyglu cose (specific activity, 52.5-57.3 mCilmmol; Biotrend, Koln, Germany) dissolved in physiological saline was in jected via the femoral vein within 20 s. During the ensuing 45 min, 16 timed arterial blood samples were drawn from the arterial catheter. The samples were immediately cen trifuged and assayed for radioactivity and plasma glu cose. After 45 min, the rats received a lethal dose of pentobarbital and were decapitated. The brains were rap idly removed and frozen in isopentane chilled to -50°C. Until sectioning, the brains were stored at -70°C. Sec tions of 20-f.Lm thickness were cut in a cryostat [the plane of sectioning was chosen according to the frontal plane given in the atlases of Paxinos and Watson (1982) and Zilles (1985) ], thaw-mounted on coverslips, glued to card board, and exposed to Osray M3 film (Agfa-Gevaert, Le verkusen, Germany) together with pre calibrated 14C_ methyl methacrylate standards for 14 days. Image analy sis was performed with a VIDAS image analyser (Kontron, Eching, Germany). Autoradiograms were dig itized with a resolution of 14 x 14 f.Lm per pixel.
Glucose utilization was calculated in two steps. First, images were printed as hard copies. In these prints, ana tomical structures were outlined by superimposing the prints with adjacent Nissl-stained or acetylcholinester ase-stained sections using a drawing tube attached to a microscope. Gray values were transformed to glucose uti lization by using the operational equation for changing arterial plasma levels (Savaki et aI., 1980) . Region specific glucose utilization was measured by superimpos ing the prints with the topographical data array of glucose utilization values stored in the computer and by selecting the region of interest according to the anatomical bound aries marked previously. In each rat, 10 to 12 autoradio grams were measured.
Immunohistochemistry
Ibotenic acid-injected brains used for immunohisto chemistry were transcardially perfusion-fixed with 4% paraformaldehyde in 0.15 M S�rensen phosphate buffer, pH 7.3 . After postfixation for 2 h in the same fixative, 50-f.Lm-thick frontal sections were cut on a vibrato me and processed for immunocytochemistry using the unlabeled antibody peroxidase-anti peroxidase (PAP) method of Sternberger (1979) . Briefly, sections were pre incubated with 10% normal fetal calf in 0.05 M Tris-buffered saline (TBS), pH 7.4, followed by incubation for 48 h at 4°C with the primary antibody, rabbit antiparvalbumin (1 :2,400; rabbit antiparvalbumin was a generous gift from Dr. K. G. Baimbridge, University of British Columbia, Van couver, Canada). After a rinse in TBS, the sections were incubated for 2 h at room temperature with a secondary swine antirabbit antibody (1:30, Dako), rinsed again, and incubated with the PAP complex 0:75, Dako) for 30 min. For visualization of bound peroxidase, diaminobenzidine was used as a chromogene. Control sections were ob tained by leaving out the primary antibody. Some stained sections and adjacent unstained sections were counter stained with toluidine blue.
Electron microscopy
Rats were transcardially perfused with modified Ty rode solution, followed initially by 25 ml of 20% glutar aldehyde and then 6% glutaraldehyde for 15 min. Glutar aldehyde was dissolved in 0.1 M cacodylate buffer (pH 7.4) containing 2.5% polyvinylpyrrolidone K30 and 1 m MgClz. Brains were removed after 3 h of perfusion and left in the fixative at 4°C overnight. The next day, vi bratome sections were postfixed for 2 h with 1 % osmium tetroxyde in 0.1 M cacodylate buffer, pH 7.4, containing 1.5% potassium ferricyanide; then they were dehydrated in a graded series of acetone and embedded in Durcupan ACM (Fluka, Buchs, Switzerland) . Ultrathin sections were collected on nickel grids coated with Formvar, stained with uranyl acetate and lead citrate, and exam ined with a Zeiss EM lO9 electron microscope (Zeiss, Oberkochen, FRG).
RESULTS
After animals had fully recovered from anesthe sia, no obvious signs of the stereotaxic injection of ibotenic acid were discernible. Water and food in take were normal and behavior seemed regular. When the rats were prepared for the 2-deoxyglu cose experiments and their physiological variables were measured, the values proved to be in the range determined previously (Beck et aI., 1990a (Beck et aI., , 1990b . There were no significant differences in physiolog ical variables between ibotenic acid-injected ani mals and sham-operated controls (values not shown). Histological analysis of the specificity of the lesion revealed that the lesion was primarily confined to the dentate area. However, there was also slight damage to the overlying CAl sector in the vicinity of the needle track. The extent of the CAl damage amounted to 1(�-20% of the CAl area. When measuring LCGU, the damaged portion of the CA 1 was not included.
Ipsilaterally to the ibotenic acid injection, overall reductions of LCGU were 41-68% at 3 days after the injection, 21-48% at 3 weeks, and 31-52% at 3 months ( Table 1 ). The reductions in LCGU were most severe in the immediate vicinity of the injec tion site; 3 days after the lesion, LCGU in the den tate gyrus and the multiform layer of CA4 dropped by roughly 60-68% and by approximately 40-50% in all layers of the CAl, CA2, and CA3 sectors.
At 3 weeks after the lesion, reductions in LCGU were still widespread and significant in all subfields of the ammon's horn and dentate gyrus. However, 75,7 ± 10, I 27,1 ± 5,5 64,2a 66,0 ± 9. 1 22,6 ± 4,1 65,8a
61.5 ± 9.2 24,2 ± 6,2 60,7a 61.0 ± 8. Lcau had partially recovered compared with the 3-day group, and values were significantly higher after 3 weeks than after 3 days. This was especially evident in the dentate gyrus and the CA4, where reductions amounted only to 23-33%. Recovery of LCaU was also measurable in all other hippocam pal subfields and layers, though control levels were not reached again. At 3 months after injection of ibotenic acid, fur ther recovery of Lcau toward control levels did not occur. Still, LCaU was higher in a limited num ber of structures than at 3 days after the lesion, but this finding occurred less frequently than at 3 weeks after the lesion.
In the contralateral hemisphere, reductions pre vailed in all compartments of the hippocampus at all time points investigated, though they were much less accentuated than ipsilaterally, especially at 3 days after the ibotenic acid injection (Table 2) .
One week after the ibotenic acid injection, nor mal-looking parvalbumin immunoreactive (parv-ir) cells, with dendrites extending into the dentate mo lecular layer or into the hilus, were still present in the border zone of the lesioned area, which was otherwise totally deprived of granule and pyramidal cells (Fig. O . The labeled cells were located in and below the former granule cell layer and in and around the former CA3c pyramidal cell layer. No further loss was observed after longer survival times up to 10 weeks (data not shown).
On the electron microscopic level, evidence was obtained that interneurons were still present 14 days after the lesion (Fig. 2) . Their ultrastructure was characterized by abundant organelles and an indented nucleus containing a rod, while in the sur rounding neuropil the degeneration of dendrites, glycogen-containing astrocytes, and astrocytic pro cesses indicated the excitotoxic lesion.
DISCUSSION
The present article describes long-term alter ations of functional activity in the hippocampus af ter a unilateral injection of ibotenic acid into the dentate gyrus produced a well-demarcated area of damaged tissue in the hilus and the granular and the molecular layers. The damage to the CAl sector amounted to 1().-20% of the entire CAl area.
We found widespread reductions of LCaU in all hippocampal sectors and layers in the lesioned and in the contralateral nonlesioned hemispheres; these reductions were still present, to the same extent, up to 3 months after the injection. Immunostaining for parvalbumin performed at 7 days after the lesion Unlesioned control hemisphere contralateral to the injection side. b: Ammon's horn and dentate gyrus 7 days after unilat eral injection of 0.5 fL9 ibotenic acid into the dentate gyrus. Note strong rarification of parvalbumin-il11muno reactive perikarya (arrows) in the center of the lesion. In the periphery of the lesion, where granular cells were completely absent, parvalbumin-immunoreactive neurons (arrow heads) were still present. showed the persistence of immunoreactive puta tively inhibitory neurons in the granular and imme diate subgranular zone. LCGU has proved to be a useful tool for charac terizing functional activity in the hippocampal cir cuitry in normal and lesioned rats. In normal rats, LCGU showed a clear layer-and sector-specific pattern, being lowest in the hippocampal white mat-J Cereb Blood Flow Metab, Vol. 13, No.6, 1993 ter, the alveus, and highest in the lacunosum molecular layer, while LCGU in the CAl sector was consistently lower than in the CA2 and CA3 sectors (Wree et a\., 1988) . After transient cerebral ischemia, the common findings seem to be that days to weeks after the ischemic insult, LCGU increases in the CAl sector and decreases in most other hip pocampal structures, while months after ischemia LCG U is reduced in all hippocampal areas (Diemer and Siemkowicz, 1980; Pulsinelli et aI., 1982; lzu miyama et a\. , 1987; Kozuka et a\. , 1989; Beck et a\., 1990a Beck et a\., , 1990b Rischke and Krieglstein, 1991) . The conclusion to be drawn is that removing a sin gle functional excitatory link in the interconnected chain of the hippocampal circuit does not only af fect the neuronal activity in the immediate vicinity of that lesioned structure, in the sense of a mono synaptically occurring response, but also has a pro found effect on the hippocampal circuitry as a whole. The present results confirm this and more over demonstrate that unilateral lesions also have an influence on the LCGU in the contralateral un Iesioned hippocampus. A recent study quantifying LCGU 4 days after unilateral and bilateral entorhi nectomy also found it highly likely that a unilateral lesion may significantly change glucose utilization in the contralateral hemisphere (J Ilirgensen and Wright, 1988) .
At this point it may be argued that LCGU may also be altered unspecifically in other than hippo campal regions. While it was beyond the scope of this study to map lesion-induced alterations in the entire brain, the following observations render un specific changes of LCG U rather unlikely. It was recently demonstrated that ibotenic acid-induced lesions of the medial septum, using a fivefold higher total dose of ibotenic acid than in the present work, did not induce any unspecific changes in LCGU (Schulz et a\. , 1992) . Inspection of the autoradio grams in the present study clearly showed reduction of hippocampal LCGU to be the most pronounced effect, being visible to the naked eye.
A common finding after cerebral ischemia and excitotoxic lesions, as seen in this study, is that GABA-ergic interneurons seem to be relatively more resistant to excitotoxic events than pyramidal and granule cells. In addition to the selective vul nerability of CAl pyramidal cells, dentate hilar so matostatin immunoreactive neurons (Johansen et aI., 1987) were also shown to be highly sensitive to ischemic insult, while GABA-ergic interneurons were left intact (Nitsch et aI., 1989a (Nitsch et aI., , 1989b . The GABA-ergic inhibitory interneurons in the dentate area are believed to play a key role in regulating the excitability of intrahippocampal cell popUlations, via a dense pericellular axonal plexus around the granule and pyramidal cells (Ribak et aI., 1978; So mogyi et aI., 1983; Frotscher et aI., 1984; Anderson et aI., 1986; Soriano and Frotscher, 1989) , and also of pathways to extrahippocampal areas (Andersen et aI., 1966; Knowles and Schwartzkroin, 1981) ; thus, they have great influence on the functional activity in these areas. The Ca 2+ binding protein parvalbumin (PV) has been found to be colocalized in a subpopulation of GABA-ergic neurons (Celio, 1986; Kosaka et aI., 1987) , and immunocytochem istry for PV, in contrast to that for GAD or GABA, gives rise to a more detailed staining of the neurons, with staining of large parts of the dendritic tree. Moreover, since ,PV -positive neurons and all GABA-ergic neurons in the dentate gyrus seem to be equally resistant to excitatory events, such as ischemia (Johansen et aI., 1989) or sustained per forant path stimulation (Sloviter, 1991) , PV can be seen in this study as a reliable marker of GABA ergic inhibitory interneurons in a given area.
From our results, it may be assumed that any imbalance between excitatory and inhibitory cells within the dentate gyrus will not be restricted to this structure alone but is likely to be transmitted to the entire hippocampus, both ipsilaterally and contra laterally. After an ipsilateral ibotenic acid injection, the damage to the excitatory system is more severe than to the inhibitory system, and the reduction in LCG U may thus indicate a domination of inhibitory impulses within the hippocampus. Using GAD im munohistochemistry and retrograde labeling tech niques, recent studies have provided good evidence for a monosynaptic, GABA-mediated inhibition of the dentate area from the contralateral dentate area and subiculum (Babb et aI., 1988) . Combined Golgi and electron microscopic studies have shown that commissural fibers sent off by hilar mossy cells ter minate on the dendrites and somata of granule and basket cells (Seress and Ribak, 1984) , and these fi bers were held to be exclusively excitatory (Dead wyler et aI., 1974) . A more recent study, however, has shown that 60% of the hilar cells react for GAD and might be inhibitory (Seress and Ribak, 1983) . It is difficult to estimate to what extent these different neuronal populations influence the functional activity in the normal hippocampus, but one could assume that loss of hilar and CA3c cells due to the ibotenic acid lesion, as seen in this study, could result in a reduction of excitatory input via the commissural fibers and hence in a re duction of functional activity in the contralateral hippocampus. The reduction of contralateral hippo campal functional activity as reflected by our data may well occur as a result of decreased activity of the commissural connections between the hippo campi. There is also abundant electrophysiological evidence supporting the concept of feedforward inhibition between the hippocampi (Buzsaki and Eidelberg, 198 1; Douglas et aI., 1983) . Though the percentage of commissural GABA-ergic fibers of the dentate gyrus is estimated to be in the range of 5% (Babb et aI., 1986; Ribak et aI., 1986; Leranth and Frotscher, 1986) , our data showing better survival of these neurons based on the LCGU would support the notion that even this low percentage is of relatively high importance for the functional activity of the contralateral hippocam pus. In the light of these neuroanatomical facts, it is not surprising to see LCGU significantly reduced in both hemispheres after a unilateral lesion of the dentate gyrus.
Another feature of our study was the complete absence of any sign of functional recovery of the hippocampus; at up to 3 months LCGU remained at low levels and did not again reach control values. This lack of recovery indicates a persistently pre dominating inhibitory impulse flow in the hippo campus; a possible explanation could be that sub sequent to the excitotoxic damage of the dentate area, the remaining afferents undergo growth re sponses and reinnervate the vacated territory. U ni lateral removal of the hippocampus leads to a 25% loss in the terminal and synaptic population of the inner molecular layer of the remaining contralateral dentate gyrus (McWilliams and Lynch, 1979) . How ever, 6 weeks later this loss is again normalized. Sound evidence exists that these newly formed syn aptic contacts are functional (West et aI., 1975; Tsu kahara and Fujito, 1976) . Recently, a study demon strated that at 14-120 days after a unilateral kainate lesion destroyed the posterior regio inferior (CA3 and hilar neurons) and thus the commissural and ipsilateral dentate associational pathways, GAD immunoreactive puncta indicating GAB A terminals increased both ipsi-and contralaterally, reflecting ongoing GABA-ergic sprouting along with recurrent J Cereb Blood Flow Metab, Vol. 13, No.6, 1993 mossy fiber collateral sprouting in the ipsi-and con tralateral inner molecular layer of the dentate gyrus (Davenport et aI., 1990) . Since Davenport et ai. (1990) did not perceive any dendritic shrinkage and saw increases in Timm staining intensity, they con cluded that GABA axon reinnvervation was greater than normal and represented a type of GABA-ergic inhibitory hyperinnervation.
For these reasons, we conclude that unilateral ibotenic acid-induced lesions of the dentate gyrus result in a long-lasting, putatively GAB A-mediated, generalized depression of functional activity bilat erally within the hippocampus. Since recent post mortem studies of Alzheimer patients have shown that many senile plaques are located in the dentate gyrus (Geddes et aI., 1985; Hyman et aI., 1987) , and considering the fact that a direct relationship appar ently exists between the number of senile plaques in the dentate and the perforant pathway lesion in Alz heimer brains (Senut et aI., 1991) , our findings may bear some clinical relevance, helping to explain the learning and memory deficits associated with that neurodegenerative disorder.
